ABSTRACT The ternary cobalt-nickel-iron phosphide nanocubes (P-Co 0.9 Ni 0.9 Fe 1.2 NCs) with high intrinsic activity, conductivity, defect concentration and optimized ratio have been realized through a facile phosphorization treatment using ternary cobalt-nickel-iron nanocubes of Prussian blue analogs (PBA) as a precursor. The scanning electron microscopy and transmission electron microscopy results show that the P-Co 0.9 Ni 0.9 Fe 1.2 NCs maintain a cubic structure with a rough surface, implying the rich surface defects as exposed active sites. The thermal phosphorization of the ternary PBA precursor not only provids carbon doping but also leads to the in situ construction of surface defects on the NCs. The carbon doping from the PBA precursor lowers the charge transfer resistance and optimizes the electronic transformation. The synergistic effect among the ternary metal ions and rich defects contributes to the enhanced electrocatalytic performance. The P-Co 0.9 Ni 0.9 Fe 1.2 NCs achieve low overpotentials of −200.7 and 273.1 mV at a current density of 10 mA cm −2 for the hydrogen evolution reaction and the oxygen evolution reaction, respectively. The potential of overall water splitting reaches 1.52 V at a current density of 10 mA cm −2 . The longterm stability of the electrocatalysts was also evaluated. This work provides a facile method to design efficient transitionmetal-based bifunctional electrocatalysts for overall water splitting.
INTRODUCTION
Exploring an efficient and applicable technology for hydrogen generation to replace traditional fossil fuels is vitally important to relieve the energy crisis and environmental pollution [1] [2] [3] [4] [5] . Electrolytic water splitting can be divided into two half-reactions: the hydrogen evolution reaction (HER) and the oxygen evolution reaction (OER). Water splitting is an important strategy for the conversion of renewable resources [6, 7] . However, the general overpotential for electrochemical water splitting is normally larger than the theoretical value of 1.23 V, due to the slow charge transfer rate and sluggish kinetics of both HER and OER [8, 9] . Therefore, developing efficient electrochemical catalysts to enhance the charge transfer rate, reduce the overpotential, and boost the reaction kinetics for water electrolysis is critical [10] . At present, Pt-based catalysts, which exhibit substantial catalytic activity, are the representative benchmark catalysts for HER, and Ir-and Ru-based electrocatalysts are the benchmark catalysts for OER [11, 12] . However, the extensive industrial implementation of these electrochemical benchmark catalysts is restricted by their scarcity and high cost [13, 14] . Therefore, nonprecious, robust, and efficient electrochemical catalysts based on transition metals are urgently needed to enable the production of clean energy through water electrolysis [15] .
Many transition-metal-based electrocatalysts, including metal oxides, metal sulfides, and metal phosphides, have been widely investigated [16] [17] [18] [19] [20] [21] [22] . Because of their remarkable catalytic activities and conductivities, transition-metal-phosphide-based electrocatalysts such as NiP [19, 23] , FeP [24, 25] , CoP [21, 26] , FeNiP [27, 28] , FeCoP [29] , and NiCoP [30, 31] have been synthesized as pro-mising alternatives to Pt-based catalysts for HER or OER. Notably, the doping and introduction of other metals [32] or nonmetals [33] have become a promising strategy for enhanced electrocatalytic performance. Yan et al. [34] reported that the introduction of Ag and Fe into Co 2 P nanospheres effectively enhanced their bifunctional catalytic activity toward water splitting. Zhang et al. [35] revealed that nitrogen-doped Ni 5 P 4 /Fe 3 P nanocubes (NCs) with optimized electronic properties and abundant catalytically active sites displayed high activities toward OER. Moreover, nonmetallic-doped multimetallic phosphides possess high electrocatalytic performance and diverse synergistic effects for HER and OER [36, 37] .
Recently, Prussian blue analogs (PBAs) with mesoporous cubic and high electronic conversion efficiency have been identified as excellent carriers for OER under alkaline conditions [38] . In most metal phosphide electrocatalysts, the phosphorus ions serve as a proton acceptor to effectively promote proton exchange and charge transfer for the evolution of both oxygen and hydrogen [39, 40] . Therefore, developing multimetal phosphides for water electrolysis by incorporating the structural merits of PBA and a multimetal synergistic effect is an extremely promising strategy [41, 42] .
Herein, carbon-doped ternary cobalt-nickel-iron phosphide NCs (P-Co 0.9 Ni 0.9 Fe 1.2 NCs) based on PBA were fabricated through a spontaneous coprecipitation and one-step phosphorization process. Ternary cobaltnickel-iron phosphides with different ratios of nickel and cobalt were prepared. As expected, the optimized P-Co 0.9 Ni 0.9 Fe 1.2 NCs with a unique structure, more abundant surface defects, and a larger specific surface area exhibited excellent electrochemical catalytic performances compared with other samples for overall water splitting. The P-Co 0.9 Ni 0.9 Fe 1.2 NCs achieved low overpotentials of −200.7 and 273.1 mV at a current density of 10 mA cm −2 for HER and OER, respectively. Moreover, the P-Co 0.9 Ni 0.9 Fe 1.2 NCs for water electrolysis achieved a current density of 10 mA cm −2 at 1.52 V, which was an improvement over the potentials reported in previous studies. The electrocatalytic activities and mechanism for P-Co 0.9 Ni 0.9 Fe 1.2 NCs were discussed. Characterizations X-ray powder diffraction (XRD, X'Pert PRO MPD, Cu Kα) patterns were collected to explore the crystal structures of the samples; the scanning range was from 5°to 90°, and the scanning rate was 10°min . X-ray photoelectron spectroscopy (XPS, VG ESCALABMK II photoelectron spectrometer, Al Kα, 1,486.6 eV) was used to analyze the valence states of the major elements. Scanning electron microscopy (SEM, S-4800, Hitachi), transmission electron microscopy (TEM), and high-resolution TEM (HRTEM, FEI Tecnai G 2 ) were used to explore the structure and morphology of the obtained samples. Energy-dispersive X-ray (EDX) analysis and SEM mapping were used to identify the presence and distribution of the predominant elements. N 2 adsorption-desorption isotherms were used to investigate the Brunauer-EmmettTeller (BET) surface areas and porosity of the P-Co 0.9 -Ni 0.9 Fe 1.2 NCs and Co 0.9 Ni 0.9 Fe 1.2 NCs at 77 K.
EXPERIMENTAL SECTION

Materials and reagents
Electrochemical measurements
Electrochemical measurements of the samples were conducted at room temperature in 1.0 mol L −1 KOH solution with Gamry Reference 600 electrochemical equipment. OER and HER electrocatalytic performances were explored in a three-electrode cell with 1.0 mol L −1 KOH solution as the electrolyte. The auxiliary electrode was a Pt plate (1 cm × 1 cm) for OER or a graphite rod for HER, and a saturated calomel electrode (SCE) was used as the reference electrode. Samples deposited onto the surface of glassy carbon electrodes (GCEs, diameter of 4 mm) were used as the working electrode. Typically, 5 mg catalyst was dispersed in 1 mL mixed solution of Nafion and absolute ethanol. After 30 min ultrasonic dispersion, 5 μL of the obtained suspensions were dropped onto the GCE and then dried at 30°C (approximate loading: 0.2 mg cm
−2
). The electrolyte solution was saturated with O 2 or N 2 for OER or HER, respectively. Linear sweep voltammetry (LSV) curves were recorded out from 0 to 0.7 V (vs. SCE) and from −1 to −1.7 V (vs. SCE) at a common scan rate of 5 mV s −1 for OER and HER, respectively. Electrochemical impedance spectroscopy (EIS) was undertaken at 0.48 and −1.36 V (vs. SCE) in the frequency range from 0.1 Hz to 100 kHz with an alternating current potential amplitude of 5 mV. The electrochemical double-layer capacitance (C dl ) was determined from cyclic voltammograms recorded from 0.1 to 0.2 V (vs. SCE) and from −0.45 to −0.55 V (vs. SCE) at various scan rates for OER and HER, respectively. The electrochemical stability tests of the P-Co 0.9 Ni 0.9 Fe 1.2 NCs were conducted through cyclic voltammetry (CV) for 1,000 cycles at a scan rate of 100 mV s −1 or through chronoamperometry at 0.45 V (vs. SCE) for OER and −1.27 V (vs. SCE) for HER. The overall water splitting was conducted in a three-electrode system using P-Co 0.9 -Ni 0.9 Fe 1.2 NCs, and the LSV curves were recorded at a scan rate of 5 mV s −1 .
All of the potential values were calibrated with a reversible hydrogen electrode (RHE). The potential conversions for the SCE and the RHE were based on following equation [44] :
RESULTS AND DISCUSSION
The formation process of P-Co 0.9 Ni 0. The P-Co 0.9 Ni 0.9 Fe 1.2 NCs maintain the NC structure of their precursor and provide additional surface defects, which implies that they could exhibit enhanced activity for water splitting.
All of the obtained samples were characterized by XRD. As depicted in Fig. 1a, the XPS was used to further investigate the surface elemental states and electronic structure of the C-doped P-Co 0.9 Ni 0.9 Fe 1.2 NCs, as shown in Fig. 2 . The XPS survey scan in Fig. 2a reveals (Fig. 2d) . In addition, the peak at 856.1 eV is ascribed to Ni 2+ arising from surface oxidation [52, 53] . Fig. 2e shows two dominant main peaks of P species, where the peaks at 129.4 eV (P 2p 3/2 ) and 130.2 eV (P 2p 1/2 ) are well attributed to metal phosphides [54] . The peak at 134.1 eV for P-O is attributed to oxidized phosphate species as a result of partial exposure to air [55] . The C 1s spectrum is divided into four individual peaks (Fig. 2f) . The characteristic peaks at 284.2 and 284.8 eV correspond to C=C and C-C species, respectively [56] . The peak at 286.1 eV represents the C-P species, confirming the doping of C into sample. The peak at a binding energy of 289.1 eV is attributed to C=O bonds resulting from the oxidation of carbon [57] . The XPS spectra of the P-Co 0. (Fig. S1 ) reveal the existence of the same main elements observed in the P-Co 0.9 Ni 0.9 Fe 1.2 NCs, although the peak intensities vary with the initial amount of Co, Ni, and Fe species. As shown in Fig. S1b-d 50, 52] . The P 2p spectra in Fig. S2e can be divided into two species: metal phosphides and P-O bonds [55] . Moreover, four peaks are distinctly observed in the C 1s spectrum (Fig. S2f) , corresponding to C=O, C=C, C-C, and C-P [56] . active sites and further enhance the catalytic activities for HER and OER. Moreover, multiple-valence metal ions can also induce partial charge transfer and optimize the electronic structure, thereby improving the catalytic performance of the P-Co 0.9 Ni 0.9 Fe 1.2 NCs. SEM images (Fig. 3a-c) show that the Co 0.9 Ni 0.9 Fe 1.2 NCs are composed of closely arranged and highly ordered NCs with a smooth surface. After facile phosphorization of the Co 0.9 Ni 0.9 Fe 1.2 NC precursors, the as-prepared P-Co 0.9 Ni 0.9 Fe 1.2 NCs maintain a cubic morphology with an average side length of 120-140 nm; however, the surface becomes rougher than that of the Co 0.9 Ni 0.9 Fe 1.2 NC precursors (Fig. 3d-f) , indicating the formation of surface defects as exposed active sites. By comparison, the SEM images in Fig. S2a-c (Fig. S5a-f) show a highly ordered nanocubic morphology with a rougher surface. In conclusion, although the ratio of Ni, Fe, and Co species varies, the well-distributed NC morphology of the PBA is maintained. After phosphorization, the as-prepared phosphides maintain their original cubic morphology but with a rougher surface, which indicates more accessible active sites resulting from the in situ construction of surface defects.
The TEM images of the P-Co 0.9 Ni 0.9 Fe 1.2 NCs in Fig. S6a-c indicate that the characteristic cubes exhibit cubic symmetry with distinct edges and corners resulting from the in situ formation of surface defects, consistent with the SEM observations. The high-magnification image in Fig. S6d shows that a typical NC is composed of a rugged margin to construct the three-dimensional architecture, further indicating that the P ions are adequately embedded into the P-Co 0.9 Ni 0.9 Fe 1.2 NCs.
The HRTEM images of the P-Co 0.9 Ni 0.9 Fe 1.2 NCs in Fig. 4a-c regular structure of the crystals is divided into numerous smaller regions by some interfaces and that each region has a high atomic array integrity. Serious atomic misalignments occur near the interface between the regions. The visualized manifestation is that the lattice fringes of the molecules appear at different intervals, and the phenomenon of defects occurring over the entire interface, as shown in Fig. 4a , is called surface defects. The rich defect structure can expose more real active sites, which essentially enhances the electrocatalytic performance of the P-Co 0.9 Ni 0.9 Fe 1.2 NCs. Notably, P-Co 0.9 Ni 0.9 Fe 1.2 NCs with rich surface defects are beneficial for improving the intrinsic electrochemical activities. Furthermore, Fig. 4d and e shows the SEM mapping image and the corresponding EDX spectra of the P-Co 0.9 Ni 0.9 Fe 1.2 NCs, which confirm that the Fe, Co, Ni, P, and C are homogenously distributed throughout the NCs. Fig. 4e shows that the weight percentage of Fe, Co, Ni, P, and C is 13.31%, 13.69%, 5.85%, 31.69%, and 35.46%, respectively. The atomic number percentage of P-Co 0.9 Ni 0.9 Fe 1.2 NCs is 5.24%, 5.11%, 2.19%, 22.51%, and 64.95% for Fe, Co, Ni, P, and C, respectively.
The electrocatalytic properties of the developed catalysts in 1.0 mol L −1 KOH electrolyte solution for HER are presented in Fig. 5 and Fig. S7 . Fig. 5a and Fig. S7a show the polarization curves of all of the prepared electrocatalysts. The P-Co 0.9 Ni 0.9 Fe 1.2 NCs exhibit an obviously smaller onset overpotential than the other samples, requiring a small overpotential of only −200.7 mV to deliver a current density of 10 mA cm −2 , demonstrating superior OER performance compared with the P-Co ), implying favorable kinetics performance for OER. On the basis of the results in Table S1 , the properties of the P-Co 0.9 Ni 0.9 Fe 1.2 NCs are substantially better than those of other reported transitionmetal phosphides, indicating remarkable reaction kinetics and a fast rate of oxygen generation for HER.
EIS plots were further used to show the various charge transfer resistance (R ct ) of all of the prepared electrocatalysts. Fig. 5c and Fig. S7c present the semicircular EIS plots, which are related to the charge transfer rate between the catalysts and the electrolyte. The results reveal that the P-Co 0.9 Ni 0.9 Fe 1.2 NCs present extremely lower charge transfer resistance than other prepared electrocatalysts. The C dl in Fig. 5d and Fig. S7d , which was determined from the dependent CV curves (Fig. S8a) , further demonstrates the intrinsic activities of the prepared electrocatalysts. The C dl value for the P-Co 0.9 Ni 0.9 - Fig. 6 and Fig. S9 . The results in Fig. 6a and Fig. S9a clearly show that the P-Co 0.9 Ni 0.9 Fe 1.2 NCs exhibit a much smaller onset overpotential compared with the other investigated electrocatalysts. To achieve a current density of 10 mA cm −2 , the P-Co 0. , respectively), implying higher OER kinetics. As shown in Table S2 , the catalytic properties of P-Co 0.9 Ni 0.9 Fe 1.2 NCs are better than those of most previously reported transition-metal phosphides, indicating the remarkable reaction kinetics and fast rate of oxygen generation for OER.
Nyquist plots (EIS) of all the electrocatalysts (Fig. 6c  and Fig. S9c) Fig. 6d and Fig. S9b, d) . In addition, the BET specific surface area of the prepared P-Co 0.9 Ni 0.9 Fe 1.2 NCs was determined from nitrogen adsorption and desorption isotherms. As shown in Fig. S10a and S10b, the prepared P-Co 0.9 Ni 0.9 Fe 1.2 NCs exhibit a large specific surface area of 310.7 m 2 g −1 as well as an average pore size of 3.1 nm. These results also indicate that the P-Co 0.9 Ni 0.9 Fe 1.2 NCs with a large BET specific surface area and a mesopore-rich surface expose more electrochemical effective active sites, thus accelerating electron transfer and promoting the penetration of electrolyte to enhance HER and OER. The long-term stability of the prepared P-Co 0.9 Ni 0.9 Fe 1.2 NCs for HER and OER was characterized in 1.0 mol L −1 KOH electrolyte (Figs S11 and S12). Polarization curves of the P-Co 0.9 Ni 0.9 Fe 1.2 NCs before and after 1,000 continuous CV cycles for the HER and the OER at a scan rate of 100 mV s −1 are shown in Figs S11a and S12a, respectively. After the CV scanning, an insignificant change in current density in the polarization curves is observed, indicating substantial durability of the electrocatalyst for HER and OER. Correspondingly, chronoamperometry tests were conducted for 12 h to further evaluate the longterm stability of the prepared P-Co 0.9 Ni 0.9 Fe 1.2 NCs for HER and OER. As shown in Figs S11b and S12b, the prepared P-Co 0.9 Ni 0.9 Fe 1.2 NCs are extremely stable over 12 h, exhibiting a negligible current loss for both HER and OER, thereby confirming the excellent durability of this catalyst. In addition, a comparison of the SEM (Fig. S13) and XPS (Fig. S14 ) data before and after the chronoamperometry stability test reveals that the P-Co 0.9 Ni 0.9 Fe 1.2 NCs after the stability polarization test retain their cubic morphology with the valence of each element unchanged in HER and OER. On the basis of the aforementioned analyses, the P-Co 0.9 Ni 0.9 Fe 1.2 NCs exhibit favorable catalytic performance for both HER and OER in 1.0 mol L −1 KOH electrolyte. Therefore, the P-Co 0.9 Ni 0.9 Fe 1.2 NCs assembled as both cathodic and anodic catalysts were prepared to investigate the activities for overall water splitting. As expected, the prepared electrolyzer exhibits a smaller overpotential of 1.52 V to reach a current density of 10 mA cm −2 (Fig. 7a) , which indicates that the P-Co 0.9 -Ni 0.9 Fe 1.2 NCs are effective electrocatalysts for overall water splitting. The XRD pattern of the P-Co 0.9 Ni 0.9 Fe 1.2 NCs before and after the catalytic performance test for overall water splitting ( Fig. S15) demonstrates that the dominant diffraction peaks of P-Co 0.9 Ni 0.9 Fe 1.2 NCs do not change after the overall water splitting test, indicating that the crystalline structure and composition of the P-Co 0.9 Ni 0.9 Fe 1.2 NCs are retained after the overall water splitting reaction. In addition, the SEM images of the P-Co 0.9 Ni 0.9 Fe 1.2 NCs after the catalytic performance test for overall water splitting (Fig. S16) show that the P-Co 0.9 Ni 0.9 Fe 1.2 NCs maintain the morphology of the NC structure with negligible etching of the edges after the overall water splitting test and the NCs still provide a large surface area for further catalytic reaction [58] . The chronoamperometry test at a voltage of 0.45 V (vs. SCE) for overall water splitting has also been investigated (Fig. 7b) . The result shows that the prepared electrolyzer can maintain a nearly constant current density for 12 h, demonstrating remarkable stability of the P-Co 0.9 Ni 0.9 Fe 1.2 NCs. The excellent electrochemical performance of the P-Co 0.9 Ni 0.9 Fe 1.2 NCs for overall water splitting is attributed to the following aspects: (1) the synergistic effect among different metal ions, P, and C improves the intrinsic activities for both HER and OER; (2) the welldispersed cubic structures with a rough surface and rich defect concentration can expose rich active sites and ensure sufficient contact between the electrolyte and the P-Co 0.9 Ni 0.9 Fe 1.2 NCs; (3) the C-doping can optimize the electronic structure of P, Fe, Co, and Ni and improve the conductivity of the P-Co 0.9 Ni 0.9 Fe 1.2 NCs for HER and OER.
CONCLUSIONS
In summary, ternary P-Co 0.9 Ni 0.9 Fe 1.2 NCs based on PBA possess obvious advantages, including enhanced intrinsic activity and the rich defects on the rough surface, suggesting excellent performance for overall water splitting.
The electrochemical measurements confirm that the optimized P-Co 0.9 Ni 0.9 Fe 1.2 NCs show prominent catalytic activities and remarkable durability for HER and OER. This work provides a promising strategy to design multimetal phosphides with rich defects as excellent electrocatalysts for overall water splitting.
